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Highlights 
 Picosecond laser generated surface topographies on titanium were produced 
 The surfaces had a range of different macro, micro and nano topographies 
 All the laser generated surfaces retained less bacteria than the control surface 
 The surfaces were antiadhesive following attachment, adhesion and retention assays 
 The Ti2 surface was particularly antiadhesive to bacteria 
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Abstract 
The development of surfaces which reduce biofouling has attracted much interest in practical 
applications. Three picosecond laser generated surface topographies (Ti1, Ti2, Ti3) on 
titanium were produced, treated with fluoroalkylsilane (FAS), then characterised using 
Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDX), 
Raman Spectroscopy, Fourier Transform Infra-Red (FTIR) spectroscopy, contact angle 
measurements and white light interference microscopy. The surfaces had a range of different 
macro / micro / nano topographies. Ti2 had a unique, surface topography with large blunt 
conical peaks and was predominantly a rutile surface with closely packed, self-assembled 
FAS; this was the most hydrophobic sample (water contact angle 160°; ∆Giwi was -135.29 mJ 
m-2). Bacterial attachment, adhesion and retention to the surfaces demonstrated that all the 
laser generated surfaces retained less bacteria than the control surface. This also occurred 
following the adhesion and retention assays when the bacteria were either not rinsed from the 
surfaces or were retained in static conditions for one hour. This work demonstrated that 
picosecond laser generated surfaces may be used to produce antiadhesive surfaces that 
significantly reduced surface fouling. It was determined that a tri-modally dimensioned 
surface roughness, with a blunt conical macro-topography, combined with a close-packed 
fluoroalkyl monolayer was required for an optimised superhydrophobic surface. These 
surfaces were effective even following surface immersion and static conditions for one hour, 
and thus may have applications in a number of food or medical industries. 
Keywords: Laser surface texture, retention, superhydrophobic, bacteria, anti-adhesive, 
antifouling. 
1. Introduction 
The development of surfaces which reduce biofouling is of great interest for industrial 
applications [1]. Biofouling may represent a threat to public health, causing medical device 
failures or causing infections and diseases [2]. Biofouling may also occur in a wide range of 
industrial processes and equipment and may result in issues for the marine industry, in water 
systems [3, 4], and the food processing industry [5].  
There are many plants In nature such as the lotus leaf are considered as self-cleaning surfaces 
that have macro / micro / nano topographies. These surfaces are superhydrophobic with 
contact angles ≥ 150°, and such surfaces enable a water droplet to roll off with a sliding angle 
< 10° [6]. The surfaces of these plant leaves exhibit high static contact angles because of the 
combination of their complex topographical structures with low surface energy wax coatings 
[7]. The leaf consists of different levels of topographies, including nano (< 0.5 µm), micro (> 
0.5 µm – 10 µm) and macro topographies (> 10 µm). Water droplets on these surfaces readily 
sit on the apex of the structures because air fills the valleys between the papillae under the 
droplet [8]. 
Modifying the substratum topography, physicochemistry and/or chemistry has been 
suggested as a means to alter microbial attachment to a surface [9]. Replication of these 
surfaces may allow their use in different applications, and it may be possible to produce such 
surfaces that enhance the control of bacteria attachment. Both natural and artificial Taro leaf 
structures have been shown to reduce bacterial attachment and biofilm formation [10].  
There are a number of stages that result in bacterial adsorption to a surface; attachment, 
adhesion and retention. The first stage of bacterial attachment to a surface is driven by 
physicochemical factors which are influenced by both surface chemistry and topography [11]. 
In the literature, contradictory results with regard to the influence of hydrophobicity on initial 
attachment are found [12-14]. The following steps of bacterial adhesion and retention to a 
surface are dependent on the substratum roughness and topography [11]. Many studies have 
been carried out to study the effect of surface topography on bacterial retention. However, the 
exact influence of surface properties on this phenomenon remains poorly understood. 
Topographic surfaces may be characterised using an average surface roughness value (Sa). 
Other roughness parameters such as Sq (root-mean square roughness) or Spv (peak to valley 
roughness) may be used to describe surface topographies. However, alongside these 
measurements it has been suggested that the shape and form of the surface features also needs 
to be described [9, 11, 14, 15]. The effects of these surface properties (chemistry, 
physicochemistry and topography) are highly confounded and affect one another. It is 
therefore difficult to separate the effects / contributions of individual factors. Titanium is used 
in a wide range of medical and industrial applications due to its unique properties such as 
light weight, biocompatibility, corrosion resistance, ease of fabrication and modification [16-
18]. Different techniques such as photolithography, moulding, plasma treatment, and 
lithography have been used to generate different topographies on different surfaces [19]. 
However, laser induced surface structures may be preferable because they are simple to 
manufacture, environmentally clean and can be fabricated on different substrates in ambient 
and non-standard atmospheres [20, 21]. Laser surface texturing can be used to produce 
different topographic structures and has been extensively studied for a range of different 
applications such as modification of optical properties, wetting properties and in the surface 
modification of bioimplants [17, 22-25].  
This study focused on the effect of laser generated titanium surfaces with hierarchical 
topographical features on bacterial attachment, adhesion and retention.  
2. Material and Methods 
2.1. Laser surface texture preparation 
Prior to laser treatment, Ti-6Al-4V (Aerocom Metals, UK) sheet of 1 mm thickness was 
ultrasonically cleaned by immersion for 10 min into acetone, ethanol and deionised water. 
The surface texturing was performed using Edge Wave picosecond laser at a 1064 nm 
wavelength 103, kHz repetition rate, 125 µm spot size and 10 ps pulse duration in air with no 
assist gas. The scanning was performed using a parallel line regime. The laser processing 
parameters were selected to obtain hierarchical topographies. Ti1 was processed using laser 
parameters of 0.178 Jcm-², 10 mms-1 and 10 µm whilst 0.138 Jcm-², 1 mms-1 and 10 µm was 
used for Ti2 and 0.178 Jcm-², 100 mms-1 and 80 µm was used in case of Ti3. After the laser 
treatment, the samples were ultrasonically cleaned with ethanol for 10 min to remove any 
ablated debris or contamination, and then dried using compressed air. The samples were 
treated with 1 % w/v heptadecafluoro-1,1,2,2-tetrahydro-decyl-1-trimethoxysilane 
(CF3(CF2)7(CH2)2Si(OCH3)3) in methanol for 2 h followed by an ethanol rinse, with a final 
drying period at 80°C for 30 min [26]. The heptadecafluoro-1,1,2,2-tetrahydro-decyl-1-
trimethoxysilane (Gilest Inc., USA) was used as received and was denoted FAS or 
fluoroalkylsilane hereafter.   
2.2. Surface characterisation 
2.2.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 
(EDX) 
The SEM (Philips XL30 FEG-SEM (FEI, Holland) was fitted with Bruker energy dispersive 
spectroscopy analytical system. 20 kV accelerating voltage and spot size of 3 with full area 
scanning mode were used. X-ray penetration depth was determined to be in the region of 1 
µm - 2 µm. 
2.2.2. Fourier Transform Infra-Red Spectroscopy (FTIR) 
The samples were analysed using a Thermo-Nicolet Nexus FTIR spectrophotometer bench 
fitted with a Spectra-Tech diffuse reflectance (DRIFTS) cell featuring sliding hemispherical 
mirrors (Thermo-Fisher, UK). The entire instrument and sample compartment were purged 
with air that had both water and carbon dioxide removed using a Balaston purge gas 
generator (flow rate 30 L min-1). Both background and sample spectra were made up of 164 
scans with the resolution set to 4 cm-1. Background spectral data was collected from the FAS 
treated but otherwise unmodified titanium substrate so that any FAS adsorption in excess of 
that on the control substrate was observed. The sample was placed on top of a macro-
sampling cup and positioned such that the area to be analysed was illuminated by the 
alignment laser at a sample height corresponding to maximum IR throughput. The diameter 
of the IR beam was approximately 2 mm.   
Confirmatory spectra were also run using a Perkin-Elmer Spotlight 200i FTIR microscope, 
fitted with the standard liquid nitrogen cooled mercury-cadmium telluride detector. The 
microscope was coupled to a Perkin-Elmer Spectrum Two FTIR bench. Spectra were made of 
128 to scans with the resolution set to 4 cm-1. The apertures were set to their maximum size 
of 800 µm x 800 µm. A gold mirror was used to collect the background spectral data. Neither 
the Spotlight 200i FTIR microscope or the Spectrum two were purged with water and CO2 
free air. 
2.2.3. Raman Spectroscopy 
The Raman spectroscopic analysis was carried out on an inVia Raman Microscope 
(Renishaw, UK) equipped with a 514 nm laser. The samples were analysed using the 50 X 
objective for an exposure time of 30 s and three accumulations were taken. Five random areas 
on each sample were examined. The penetration depth was around 100 nm - 500 nm (n = 5).  
2.2.4 Confocal Laser Microscopy 
After the laser treatment, the surfaces were examined using Keyence X200K 3D Confocal 
Laser Microscope (KEYENCE, USA) using a 150 X objective lens to determine the 
substratum macro and micro topographies. The instrument control and data analysis were 
performed using VK analyser software. Values of Sa (average surface roughness), Sq (root-
mean square roughness) and Spv (peak to valley roughness) were recorded for each of the 
surfaces. Selected line scans were used to determine the shape height, depth and width of the 
peaks and valleys. 
2.2.5. Atomic Force Microscopy (AFM) 
A Dimension 3100 AFM (Veeco Instruments Inc., UK) was used to examine the surfaces to 
determine their nanotopographies. Image processing was carried out using Scanning Probe 
Image Processor (SPIP).  
2.2.6. Determination of surface energy and components using the Van Oss approach 
The surface energies of the laser-textured surfaces were obtained via sessile drop contact 
angle measurements using an FTA 188 (First Ten Angstroms, Inc., UK) contact angle 
analyser. The three test liquids were deionised water, formamide (Sigma-Aldrich, UK) and α-
bromonaphthalene (Sigma-Aldrich, UK) and a droplet size of 6 µL was used. Five 
measurements using the different liquids were performed in triplicate (five drops on each of 
three samples of each material: n = 15). After measuring the contact angles of the three test 
liquids on each of the surfaces, the Van Oss approach was used to determine the surface 
energy and its components [27] 
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where 𝛾𝐿𝑊, 𝛾+𝑎𝑛𝑑  𝛾− are, respectively, the Lifshitz-van der Waals component of the 
surface free energy, the electron acceptor and donor parameters of the Lewis acid-base 
component 𝛾 𝐴𝐵, where 
 𝛾 𝐴𝐵 = 2√𝛾+𝛾−                                                                                                                 (2)  
The subscripts s, w and l refer to the substrate, water and the test liquids, respectively. 
The contact angle obtained for each test liquid on a given surface and the known values of 
γl
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+ for each test liquid were entered into Eq.(3).  
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where 𝜃 is the contact angle and 𝛾𝑇𝑂𝑇 = 𝛾𝐿𝑊 + 𝛾 𝐴𝐵. 
2.3. Microbiology 
A single colony of Escherichia coli NCTC 9001 was inoculated in one hundred millilitres of 
nutrient broth (Oxoid, UK) and incubated with shaking overnight for 24 h at 37 °C. 
Following incubation, cells were harvested at 3630 g for 10 min. Then the harvester cells 
were washed and re-suspended using 10 mL sterile distilled water; this was repeated three 
times. Cells were re-suspended to optical density (OD) = 1.0 ± 0.1 at 540 nm in sterile 
distilled water. Serial dilutions were used to determine the colony-forming units mL-1 (cfu 
mL-1) which were 2.83 x 109 cfu mL-1. 
2.3.1. Spray with wash (attachment) and Spray (adhesion) assays 
Replicates of the surfaces were attached using adhesive gum to a stainless steel tray. ). In a 
class 2 flow hood, the surfaces were placed vertically. Bacterial suspension (OD 1.0 @ 540 
nm) was placed into the spray reservoir of an airbrush (Badger, Shesto, UK), propelled by a 
600 mL liquid gas canister (Esselte Letraset Ltd, UK). Over a 10 s period, the bacterial 
suspension was sprayed over the substrate from a distance of 10 cm. Immediately after 
spraying, the samples were divided into two sets each containing three coupons, one set was 
laid horizontally without any movements and left to dry. The other set was rinsed with sterile 
distilled water using a wash bottle (with 3 mm nozzle diameter) at 45° to the surface and 
dried for 1 h at room temperature. The samples were prepared for SEM imaging (n = 15 for 
each replicate, 5 per coupon).  
2.3.2. Retention assay 
The laser textured surfaces and the control one (without texturing) were placed into sterile 
Petri dishes. 25 mL of cell suspension at OD = 1.0 was added and the surfaces were 
incubated for 1 h without agitation. The surfaces were washed gently with distilled water 
using a water bottle at a 45° angle, with a 3 mm nozzle. The surfaces were dried in a laminar 
flow hood for 1 h and then the samples were prepared for SEM examination. The 
experiments were performed in triplicate. Five images of each surfaces incubated bacterial 
were taken. Then the number of attached cells for each image was counted (n = 15 for each 
replicate, 5 per coupon).  
2.3.3. Preparation of samples for scanning electron microscopy 
After drying the samples bearing cells, they were immersed in a 4 % glutaraldehyde (Agar, 
UK) solution at 4 °C overnight. Samples were thoroughly rinsed with distilled water using a 
wash bottle with a 3 mm nozzle diameter, at 45° to the surface and dried for 1 h at room 
temperature in a class 2 flow hood. The samples were immersed sequentially in each of the 
following ethanol (Sigma-Aldrich, UK) / water mixtures (30 %, 50 %, 70 %, 90 % and 100 % 
v/v ethanol) for 10 min and dried for 1 h. Imaging was performed using a Supra 40VP (Carl 
Zeiss Ltd., UK) at 15,000 X magnification. The quantifications were made in the equivalent 
area = 0.0713 cm2. For each microbiology test, three replicate substrata were tested for each 
assay, and individual substrata were each tested three times (n = 9). Five different areas were 
imaged using SEM for each coupon making the final number cell counts n = 45 for each 
surface/assay.  
2.3.4. Statistics 
The statistical analysis of data was carried out using a two-sample student’s t-test. The data 
were considered significant when p < 0.05. Error bars indicate the standard deviation of the 
data. 
3. Results 
3.1. Characterisation of Laser Textured Surfaces 
Picosecond laser ablation was used to fabricate self-organized structures on titanium Surface 
topographies were generated with different roughness ranging from low roughness (390 nm) 
using high-speed ablation (100 mm s-1) to moderate roughness (660 nm) using moderate 
speed (10 mm s-1) ablation a high surface roughness (1.1 µm) following the use of low speed 
laser ablation (1 mm s-1).   
FTIR spectra (obtained using the purged Nexus with DRIFTS cell with the FAS treated 
control background) of the textured titanium surfaces areas were obtained (Fig. 1). It was 
evident that the Ti2 surface showed relatively strong absorption peaks at 1240 cm-1, 1205 cm-
1, 1150 cm-1, 1135 cm-1 and 1113 cm-1. The latter are assignable to C-F stretching vibrations 
(Table 1) from the adsorbed FAS. Weaker absorption bands at 1368 cm-1, 1330 cm-1, may be 
assignable to C-H deformation vibrations of the FAS, and the weaker bands at 1067 cm-1 and 
1020 cm-1 may be due to Si-O bending of the condensed FAS surface coating. The Ti1 
surface showed substantially weaker C-F stretching peaks at 1238 cm-1, 1203 cm-1 and 1146 
cm-1. The Ti3 surface showed no absorptions in the DRIFTS spectrum. The data obtained 
from the FTIR microscope (gold mirror background; data not shown) confirmed the presence 
of C-F absorptions on Ti2 and Ti1, but could only resolve a very weak C-F stretching 
absorption on the Ti3 surfaces and an even weaker one on the FAS treated control surface. 
The C-F absorption on the latter two substrates was so weak that the symmetric and 
asymmetric CF-F stretching vibrations were merged into one broad peak. In the case of Ti2 
the intensity and sharpness of the C-F absorptions may imply close-packed adsorption and 
self-assembled heptadecafluoro-1,1,2,2-tetrahydro-decyl groups.   
 
Fig.1. DRIFTS spectra of Control, Ti1, Ti2 (showing strong C-F bands due to prolific 
interaction with the fluorosilane) andTi3. The background used was the unmodified titanium 
substrate. 
  
Table 1 FTIR peak assignments. 
 
Peak Position 
(cm-1) 
Assignment 
1368 and 1330 C-H deformation of FAS, the band at 1330 cm-1 
may be due to the methylene bonded to the Si 
1240 CF2-F degenerate asymmetric stretching 
1205 CF-F symmetric stretching 
1150 CF-F asymmetric stretching 
1135 and 1113 CF2-F symmetric stretching 
1067 and 1020 Si-O-Si bending of condensed FAS 
 
Energy dispersive X-Ray data (Table 2) showed that the overall compositions of the surfaces 
following laser treatment were titanium with oxygen, nitrogen and aluminium with some 
fluorine and vanadium. The atomic fluorine levels for Control, Ti1, Ti2, Ti3 were 2.6, 2.4, 
5.5, 2.7 At %, respectively. Since the X-ray penetration depth was about 1 µm - 2 µm it was 
unlikely for fluorine to be found below the surface of the substrates. The O:Ti ratios from 
EDX were 0.50, 0.69 and 0.21 for Ti1, Ti2 and Ti3, respectively. The higher O:Ti ratio 
obtained for Ti2 may indicate a substantially larger amount of TiO2 at the surface. TiO2 is 
likely to also feature Ti-OH bonds that are reactive with the FAS. It may therefore be 
envisaged that the FAS may interact prolifically with the Ti2 surface. As the O:Ti ratio for 
the Ti3 surface was the lowest recorded, there is likely to be only a small amount of Ti-OH 
resulting in the lower level of FAS adsorption observed. The samples also contained some 
nitrogen; the N:Ti atomic ratios were 0.29, 0.29 and 0.33 for Ti1, Ti2 and Ti3, respectively. 
This suggests that hybrid / intermediate (TiO2)x Ny and TiOxNy structures may be present at 
the surfaces. 
 
Table 2 Atomic percentages of elements in the Control, Ti1 to Ti3 and O:Ti and N:Ti ratios 
detected by EDX (Standard deviations are in parenthesis). Note all samples have been treated 
with FAS.  
 
Element 
or ratio 
Element amount (At%) 
Control  Ti1  Ti2  Ti3  
C 0 (0) 1.94 (0.10) 2.40 (0.11) 2.39 (0.07) 
N 0 (0) 14.61 (0.89) 12.73 (0.59) 18.82 (1.03) 
O 0 (0) 24.66 (1.07) 30.19 (0.26) 11.89 (1.81) 
F 2.58 (0.29) 2.44 (0.67) 5.45 (0.65) 2.66 (0.27) 
Al 9.40 (0.45) 6.13 (0.47) 5.25 (0.14) 6.71 (0.29) 
Si 0.21 (0.10) 0.12 (0.03) 0.10 (0.02) 0.14 (0.01) 
Ti 87.35 (0.70) 49.71 (0.27) 43.69 (1.41) 57.15 (1.80) 
V 0.37 (0.02) 0.29 (0.06) 0.17 (0.02) 0.23 (0.00) 
O:Ti  - 0.50 0.69 0.21 
N:Ti  - 0.29 0.29 0.33 
 
The Raman spectra (Fig. 2a) provided further insight into the surface chemistry of the 
substrates. The penetration depth of the Raman system used was ca. 100 nm - 500 nm into the 
Ti based substrates and can, therefore, be regarded as more chemically surface specific. It 
should be noted that the Raman spectra of all the samples showed broad band envelopes (ca. 
100 to 1000 cm-1) with various smaller peaks within the broad band envelopes indicating 
many superimposed broad and weak peaks and thus a rather disordered structure. The five 
replicates for each sample also showed some variability, particularly for Ti1 where only three 
out of the five replicates indicated a clearly resolved A1g mode for the Rutile polymorph of 
TiO2 at ca. 610 cm
-1. All five replicates for Ti2 showed a readily resolvable Rutile A1g mode. 
The Ti2 surface was, therefore, more homogeneously Rutile–like in nature, hence possibly 
explaining the prolific adsorption of the FAS. Pure Rutile should also show an Eg mode at 
447 cm-1. In both Ti1 and Ti2, the nearest peak to the latter was at varying positions between 
ca. 418 cm-1 and 439 cm-1. The Eg mode for the Anatase polymorph at 144 cm-1 (usually 10 
times more intense than the other Raman bands for this polymorph) was perhaps notable by 
its absence, though the shoulder at ca. 129 cm-1 may be related to this mode and could 
perhaps indicate the presence of some Anatase-like structures. In pure Rutile, there is also a 
multi-phonon band at 237 cm-1. In the Ti1 surface, the nearest band to this spectrum was at 
ca. 260 cm-1; in three of the five replicates this band is the strongest in the spectra. The 
nearest peak to this Rutile multi-phonon band in Ti2 is at ca. 284 cm-1. The presence of 
hybrid structures such as (TiO2)x Ny and TiOxNy may explain the unusually placed Raman 
bands. The Ti3 surface did not show any Rutile assignable Raman bands, the barely 
discernible shoulder at ca. 127 cm-1 may be due to a low level of Anatase-like structures. The 
strongest band on the Ti3 surface was at ca.254 cm-1 and may well be assignable to TiOxNy 
inclusions and the broad shoulder at ca. 500 cm-1, supports this. Due to the relatively high 
intensity of the highly convoluted metal oxide related Raman peaks in the 100 to 1000 cm-1 
region, Raman peaks assignable to the FAS could not be observed, even in the case of the Ti2 
surface. 
The different laser treatments on the surfaces resulted in changes in the colour of the surfaces 
of the samples (Fig. 2b). The Ti1 and Ti2 surfaces potentially demonstrated the presence of 
rutile, with a greater amount observed on the Ti2, hence the darker surfaces. The Ti3 surface 
was gold in colour, which may have been due to the presence of TiNO hybrids. These may 
have been related to the changes in the different levels of oxidation and nitrogen produced 
due to the laser patterning process. 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.(a) Micro-Raman spectra of Control, Ti1, Ti2, and Ti3. The two dotted ordinates at ca. 420 cm-1 and 440 cm-1, highlight the variability of 
the Rutile Eg mode in Ti1 and Ti2. The dotted ordinate at ca. 615 cm-1 highlights the Rutile A1g mode. (b) Colour changes of the surfaces. 
Control Ti 1 
Ti 2 Ti 3 
b) 
a) 
SEM images, confocal laser microscope and AFM images of the surfaces demonstrated that 
the surface had been laser ablated to produce a range of different regular surface features at 
the macro / micro scale (Fig. 3a). The control surface which had a shot finished irregular 
surface with convex pits (Fig. 3a (Control)) demonstrated surface valley widths of 2.1 ± 0.6 
µm and depths of 0.3 ± 0.02 µm whilst the heights of the surface features were 0.3 ± 0.1 µm 
and 2.2 ± 0.6 µm wide. The Ti1 surface (Fig. 3a (Ti 1)) demonstrated surface features that 
were long and oval in length with striations in between the surface features. These had peak 
heights of 0.2 ± 0.04 µm and widths of 0.6 ± 0.06 µm, and valley depths and widths of 0.2 ± 
0.04 µm and 0.8 ± 0.2 µm respectively. The Ti2 surface (Fig. 3a (Ti2)) demonstrated the 
largest overall surface features that were generally rounded but with a non-uniform 
circumference and had peak heights ranging from 3 ± 0.3 µm and peak widths of 9.7 ± 0.8 
µm. The valley depth and width for this surface was 2.7 µm ± 0.4 and 9.6 ± 0.5 µm 
respectively. The Ti3 surface (Fig. 3a (Ti3)) demonstrated smaller oval, long shaped surfaces 
that almost looked to have a rippled effect. The feature heights and widths of the peaks 
ranged from 0.2 ± 0.03 µm to 0.6 ± 0.07 µm, whist the valley depths and widths ranged from 
0.2 ± 0.01 µm to 0.6 ± 0.1 µm respectively. In summary, the Ti2 substratum had the greatest 
surface features. The nano-features of the laser etched surfaces was characterised using AFM 
(Fig. 3a). The results showed that the nano-features for the control and Ti2 surface were more 
rounded in shape than for the Ti1 or Ti3 surfaces. The line profile of these surfaces 
demonstrated that the maximum (peaks width / height, valleys width / height) of Control, Ti1, 
Ti2 and Ti3 were, respectively, (1.7 / 0.4, 3.0 / 0.3), (1.4 / 0.8, 1.1 / 0.3), (2.5 / 0.9, 3.3 / 0.8) 
and (1.0 / 0.3, 0.9 / 0.2). Once again the surface features for the Ti2 surface in terms of the 
peak width and height and valley width and depth were of the largest sizes even at the 
nanoscale. The roughness values for the surfaces demonstrated that the control surface had 
the lowest Sa value (0.29 µm) of all the samples, and there was a significant difference 
between the Sa value for the latter and Ti1 (0.52 µm) and Ti2 (1.38 µm) surfaces (Fig. 3b). 
The Sq values for the laser ablated Ti1 and Ti2 surfaces were also significantly greater than 
the control. The Spv (peak to valley roughness) value obtained for Ti2 (9.37 µm) was 
significantly higher than the control (3.28 µm) and Ti3 (3.73 µm).  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. (a) SEM images, confocal laser microscope and AFM profiles of laser produced surfaces and (b) S values using confocal laser microscope 
of laser produced surfaces compared with the unmodified substrate. Error bars demonstrate the standard deviations from the mean. 
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The surface energy data demonstrated that although all the surfaces produced were 
hydrophobic, the Ti2 surface was, by a significant margin, the most hydrophobic (water 
contact angle = 160, ∆Giwi = -135.29 mJ m-2), and yielded the lowest recorded values for all 
of the surface energy components determined (Table 3). The Ti1 surface was the least 
hydrophobic surface (∆Giwi = -68.98 mJ m-2), and control surface had the highest surface 
energy component values recorded with the lest water contact angle. The electron donating 
component (γ-) was greatest for the control surface.  
Table 3. Water contact angle and physicochemistry results for surfaces (mJ m-2). 
 
  Water 
contact 
angle 
ΔGiwi γs γsLW γsAB γs+ γs- 
Control 102.74 -80.04 27.16 26.49 0.67 0.23 0.48 
Ti1 150.48 -68.98 7.86 6.33 1.52 3.34 0.17 
Ti2 160.00 -135.29 0.21 0.21 0.01 0.01 0.01 
Ti3 135.76 -75.39 10.47 9.36 1.11 1.52 0.20 
 
3.2. Microbiology 
Following the bacterial assays (Fig. 4a) it was determined that following the spray with wash 
assay, that simulated bacterial attachment to the surface, there was no significant difference 
in the bacterial counts attached on all the surfaces including the control surface (Fig. 4b). 
However, following the spray assays which do not have a rinse step, similar to an adhesion 
assay, the number of adhered cells was significantly different on all the surfaces with the least 
number of cells being adhered on Ti2 (8) followed by the Ti3 surface (17) and then Ti1 
surface (29). There were significantly more cells adhered on the control surface (142). 
Following the retention assays, the control (197) again retained significantly greater numbers 
than the laser ablated surfaces. The Ti2 surface again had the least number of cells retained 
(10) followed by the Ti3 (23) and finally the Ti1 surface (28).  
 
  
 
 
 
 
 
a) 
 
 
 
 
b) 
 
Fig.4. (a) Scanning Electron Microscopy of laser produced surfaces following attachment (Att), adhesion (Adh) and retention (Ret) assays on 
each surface and (b) Numbers of bacteria retained on the surfaces following attachment (SWW), adhesion (Spray) and retention assays (Ret). 
Error bars demonstrate the standard deviations from the mean. 
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 4. Discussion 
4.1. Laser surface treatment 
An understanding of how surface properties affect the attachment, adhesion and retention of 
bacteria helps in designing or modifying the surfaces to discourage bacterial fouling. In this 
work, Ti6Al4V was chosen as a substrate due to their high tensile strength, good 
biocompatibility, resultantly the presence of osseointegration, high tensile strength and wide 
range of applications [28, 29]. Different surface structures were produced on the Ti6Al4V 
surface depending on the laser treatment parameters used. During ultrashort laser exposure, a 
significant proportion of the laser energy is absorbed by the free electrons resulting from a 
thermalization process [30]. At sufficient laser fluence, surface modification, ablation and 
alterations can take place. In this case, the thermal diffusion effect cannot be neglected [31]. 
The change of surface morphology and roughness of the laser textured surfaces is related to 
the change in laser scanning parameters and physiothermal properties of the substrate being 
treated.  
Pulse energy, the extent of line overlapping and the number of pulses per spot affected the 
generation of different macro / micro / nano structures the on Ti6Al4V surfaces. Pulse 
overlapping in the direction of scanning, was estimated by [32], 
 𝑝𝑢𝑙𝑠𝑒 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 % =  (1 −
𝑠𝑝𝑒𝑒𝑑
𝑟𝑒𝑝𝑖𝑡𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒∗𝑠𝑝𝑜𝑡 𝑠𝑖𝑧𝑒
) ∗ 100                                            (4) 
and line overlapping in the direction perpendicular to the scanning direction was estimated by 
[32], 
 𝑙𝑖𝑛𝑒 𝑜𝑣𝑒𝑟𝑙𝑎𝑝𝑝𝑖𝑛𝑔 % = ( 1 −
hatch distance
𝑠𝑝𝑜𝑡 𝑠𝑖𝑧𝑒
) ∗ 100                                     (5) 
In our study, pulse overlapping was estimated to be 99.2 %, 99.92 % and 99.99 % at scan 
speeds of 100 mm s-1, 10 mm s-1 and 1 mm s-1 respectively. Line overlapping was estimated 
to be 36 % and 92 % at respective hatch distances of 80 µm and 10 µm. Pulses per spot were 
 estimated to be ~129 (100 mm s-1, 80 µm), 1290 (10 mm s-1, 10 µm) and 12900 (1 mm s-1, 10 
µm) (the respective scan speeds and hatch distances are in parenthesis).  
The laser ablation of the surfaces changed their composition resulting in a range of colours. 
Titanium and its alloys react readily with oxygen and nitrogen [33]. The reaction with oxygen 
is the most problematic whereas nitrogen is normally regarded as negligible [34]. Langdale et 
al., treated commercially pure titanium with a pulsed Nd:YAG laser (2–17 kHz frequency, 2 
– 50 mm s-1 traverse speed) [35]. The authors concluded that although layer thickness may 
have an effect, the different colours produced corresponded mainly to different titanium 
oxides. Perez del Pino et al., used a Nd:YAG laser, (30 kHz frequency, 567 W mean power, 
25–300 mm s-1) and confirmed these results [36]. Additionally, a greater range of oxides was 
found to form at higher specific energies (defined as laser power / (traverse speed x beam 
diameter)). However, a later study by the same authors, comparing the colours obtained from 
anodising and laser treating titanium, concluded that light interference phenomenon within an 
upper TiO2 surface layer was the mechanism in both cases [37]. Thus in agreement in our 
work, when irradiated with white light, the oxide surface reflects only part of the incident 
photons; the remaining part undergoes refraction inside the oxide and is subsequently 
reflected by the metal surface resulting in a range of colours [38, 39]. Rutile TiO2, which is 
normally obtained at high temperatures such as 800 °C, and held by most authors to be 
responsible for the interference colours seen on the surfaces, is clearly present. According to 
the Raman spectra, only the Ti1 and Ti2 surfaces possessed resolvable surface rutile and 
these were the darkest samples (Ti1 very dark grey and Ti2 virtually black) indicating TiOx 
surface layers perhaps more than 200 nm in thickness. The O:Ti ratios (by EDX (penetration 
depth 1 µm to 2 µm) for these samples was 0.50 and 0.69 for Ti1 and Ti2 surfaces, 
respectively; the higher O:Ti ratio for Ti2 may be indicative of a thicker TiOx layer. Ti3 did 
not show any resolvable surface rutile by Raman spectroscopy and the O:Ti ratio (by EDX) 
 was only 0.21. The yellow – brown colour may therefore arise from TiNO hybrids since TiN 
is gold in colour and the N:Ti ratio (by EDX) of this sample was slightly higher than for the 
other samples. Furthermore, Raman spectroscopy tentatively supported the presence of 
TiOxNy species. Gyorgy et al., concluded that during pulsed (300 ns) Nd:YAG laser 
irradiation of Ti under ambient conditions, oxidation proceeded from TiO present in the early 
stage of the irradiation, through Ti2O3, until the formation of the TiO2 rutile phase at a high 
number of pulses [40]. From the latter, the presence of Rutile on the Ti1 and Ti2 surfaces was 
consistent with the greater overall laser energy input used during the production of these 
surfaces. The greater laser energy input produced a heat accumulation effect that resulted in 
the different structures and varying levels of TiOx production. It may be suggested that the 
increased TiO2 on this surface increased the level of FAS adsorption. Using a higher scanning 
speed of 10 mm s-1 to produce the Ti1 surface, the extent of overlapping was quite high but 
lower than that estimated using 1 mm s-1 and therefore, the thermal effect was relatively low, 
which resulted in the generation of structures with a lower surface roughness. This structure 
was characterised as a Laser Induced Periodic Surface Structure (LIPSS) since it had linear 
valleys with rounded elongated features. The formation of the narrow peaks was due to 
overheating liquid explosion, followed by rapid cooling and re-solidification [41]. The less 
defined Raman peaks observed in Ti1 may be an effect of the surface heterogeneity since the 
SEM image for Ti1 surface showed some ablation/oxidation as well as laser induced periodic 
surface structures. It may be that the brighter jagged features on top of the ridges were the 
oxidised particles from the overheating liquid explosion, whereas the other features of the Ti1 
surface may be somewhat less oxidised. 
In case of Ti2, which was prepared using 1 mms-1 and 10 µm hatch distances, the extent of 
overlapping was high in both directions, resulting in high intensity laser irradiation over a 
small surface area which in turn may have resulted in enhancement of the nearfield. 
 Following the first pulse, as the laser fluence was low, re-solidified particles formed. The 
fluence of the next pulse and next pass may be enhanced due to a nearfield enhancement 
mechanism [42, 43]. The absorption of a greater proportion of reflected laser energy led to 
increased energy deposition and local overheating of the material, thus causing fusion of the 
metal to occur at the same time as ablation [42, 43]. The topography resulting from the latter 
was found to consist of regular rounded surface peaks. The rounded structure was covered by 
submicron features which were formed as a result of sintering of particles of ablated substrate 
[44]. The topography of the Ti3 surface was consistent with a high scan speed and hatch 
distance resulting in the lowest laser ablation energy input investigated. Therefore, the 
surface structure produced featured rounded ridges with linear valleys in between. LIPSS or 
ripple formation has been extensively studied to explain the interaction of fs lasers with 
metals [45]. It has been suggested that formation of such topography relies on the fluence 
being approximately equal to or slightly greater than the threshold fluence, which in turn 
affects the polarisation of incident light [45]. Its formation is thought to be related to laser 
induced surface instabilities and the interference between incident light waves and reflected 
or scattered light waves which influence the surface roughness [46]. 
Analysis of the surface features determined that the surface with the largest topographies and 
most rounded surface features (Ti2) demonstrated the greatest hydrophobicity and there was 
correlation between surface energy, and its components, and the surface roughness. The 
increased surface hydrophobicity of the Ti2 surface may be due to the greater O:Ti ratio on 
this sample. As determined by Raman spectroscopy, the position of the Eg mode was 
dependent on the O:Ti ratio and the presence of defects and intermediate phases containing 
nitrogen [47]. In the agreement, Parker et al., demonstrated the O:Ti ratio in Ti2 was closer to 
2.0 and that for Ti1 which was closer to 1.9 [47]. The EDX confirmed the higher O:Ti ratio 
of Ti2 and the overall higher O:Ti ratios estimated from the Rutile Eg peak position were due 
 to the surface selectivity of the Raman spectroscopy. Thus, as the surface of Ti2 was closer to 
that of pure Rutile there is a greater chance of forming a close packed monolayer of adsorbed 
FAS. 
Surface energy is an intrinsic property of materials. Low surface energy molecules include 
primarily methylated and fluorinated carbons, with surface energy decreasing in the 
following manner: –CH2– . –CH3 . –CF2– . –CF2H . –CF3 [48]. The lowest surface energy of 
any readily available solid is 6.7 mJ m-2, based on a hexagonal closed alignment of –CF3 
groups on the surface, which gives a water contact angle of 119° on a smooth surface. 
Therefore, according to the Wenzel equation [48] a rougher surface is required if higher 
water contact angles are to be obtained. In our work, the Ti2 surface with its very low ∆Giwi 
and water contact angle of 160° is entirely consistent with this effect. There is a strong 
possibility that the fluoroalkyl tails of the FAS on the Ti2 surface were in a close packed self-
assembled monolayer which gave a hexagonal closed alignment of –CF3 groups on the 
surface; this latter effect, combined with the bimodal surface topography led to the low ∆Giwi 
and the low microbial adhesion recorded. The formation of a vertically adsorbed monolayer 
of fluoroalkyl chains on the Ti2 surface is also was supported by the combined EDX and 
FTIR data for Ti3 and Ti1 surfaces. Whilst the fluorine content of Ti2 was the highest of all 
the samples, it was only slightly more than twice as high as that of the Ti1 and Ti3 surface. 
From the mild FAS treatment conditions, it is reasonable to assume that the fluorine observed 
by EDX must be part of the FAS. The maximum absorbance of the C-F stretching bands of 
the Ti2 surface was more than 20 times higher than those for Ti1 and Ti3. If the FAS was 
adsorbed vertically on the latter two substrates, the C-F stretching band absorbance would be 
about half that observed for Ti2. This is clearly not the case. An explanation may be that the 
vibration of the fluoroalkyl chains was suppressed by flat adsorption on the Ti1 and Ti3 
substrates. This may occur more readily if the laser treatment gives rise to nano-porosity of 
 the surface and subsequent entrapment of the FAS in pores particularly if the fit is tightly 
adjacent since this will suppress the bond vibration. Entrapment of the FAS in pores (or 
perhaps at the bottom of the valleys of the surface topography) should also have a limited 
effect on the physicochemical data. 
4.2. Microbiology 
The process of biofouling on a surface begins with microbial attachment, which is influenced 
by physicochemical forces, followed by adhesion and retention which are influenced in part 
by topographical factors. Superhydrophobic surfaces are also known to reduce bacterial 
attachment to a surface, but since the terms attachment adhesion and retention are used 
interchangeably, elucidation of data by others can be sometimes difficult. Several studies 
have been carried out to investigate the effect of regular micro or nano-topographies as 
grooves, squared-features, pits or ‘shark-skin’, on bacterial retention [9, 17]. Ma et al., 
demonstrated the importance of hierarchical / bimodal surface roughness that can lead to 
trapping of the air between dual-scale features and a significant reduction in contact area 
between the bacteria surface and the substrate thereby reducing the bacteria retention on 
surfaces[10, 49]. Our results suggest that the combination of the laser etched topography 
which produced large rounded features, the surface chemistry (form of TiO2 present on the 
surface), which influenced the uptake of FAS and hence physicochemistry on the surface, 
resulted in the greatest antiadhesive surface Ti2 being produced. An important point is that 
surfaces that replicate the Lotus effect rely on the minimal attachment of a water droplet on 
the surface. The rolling action of such a water droplet removes dirt and debris from the 
surface as it travels. However, in our work, it has been demonstrated that even when the cells 
were sprayed on and not washed off (spray assay) or the surfaces were incubated under static 
conditions for an hour and then washed that the surface retained a significantly lower number 
of cells when compared to the control surface. The use of such surfaces under static 
 conditions, or that did not require a washing step in order to increase their hygienic status 
could be applied to a wide range of novel applications where the prevention of biofouling is 
crucial.  
In our study, it was observed that bacterial cells were retained in surface valleys or grooves, 
only a few cells were apparent on the tops of ridges and bumps. This was due to the 
potentially greater contact area in the valleys and the natural gravitational desire to settle in 
them. Once settled in the valleys the cells are also protected from shear flow (hydrodynamic) 
forces, as experienced during washing. The dimensions of the valley, i.e. width, wall angle 
and the radius at the bottom, will influence the contact area and the amount of bacterial 
retention; the latter will be favoured when contact area is maximised, for example when a rod 
shaped bacterial cell fits snugly into a steep-sided groove [50]. Bacterial fouling on surface 
topographies has been extensively studied; however, there is no general conclusion 
concerning the effect of surface topography on bacterial retention. However, this in part may 
be due to the range of topographies (nano < 0.5 µm, micro 0.5 µm – 10 µm and macro >10 
µm) examined. This is further complicated by the varying chemistry and chemical 
inhomogeneity (particularly Ti1) of the surfaces. Some have reported that the retention of 
microorganism increased with increasing the surface roughness [51]. With increasing surface 
roughness of the correct size scale, the contact area between the surface of the microorganism 
and the substrate increases, which may enhance the attachment [52]. However, others 
concluded that there was no correlation between surface roughness and bacteria retention 
[53]. Our results, which featured surfaces with hierarchical surface topography, i.e. well-
defined bimodality between macro, micro and nano scale features, showed that bacterial 
attachment, adhesion and retention was lower for the laser treated surfaces that demonstrated 
the largest surface features and the greatest surface hydrophobicity. Thus, these results 
suggest that a delicate interplay of all three surface parameters (chemistry, topography and 
 physicochemistry) need to be optimised to ensure the production of the most antiadhesive 
surface. 
5. Conclusions 
This study showed that laser etched surfaces produced surface properties that reduced 
bacterial adhesion and retention. It was determined that a tri-modally dimensioned surface 
roughness, with a blunt conical macro-topography, combined with a close-packed fluoroalkyl 
monolayer was required for an optimised superhydrophobic surface. The combination of the 
surface chemistry, topography and physicochemistry resulted in a superior anti-adhesive 
surface even under static inoculation conditions. This laser surface structuring approach, 
combined with the addition of a fluoroalkyl monolayer, may prove to be an important 
strategy for the development of antiadhesive surfaces used in static conditions to reduce the 
issues of biofouling in a range of medical and industrial settings. 
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